ABSTRACT Fluid and electrolyte transport by epithelial cells in vitro can be recognized by the ability of cultured cells to form domes and by the electrical properties of monolayer cultures. Pulmonary alveolar epithelial cells are thought to be partially responsible for fluid movement in the fetal lung, but their role in electrolyte transport in the adult lung is not known. We isolated alveolar type II cells from adult rat lung and maintained them on plastic culture dishes alone, on plastic culture dishes coated with an extracellular matrix, and on collagen-coated Millipore filters. Numerous large domes were formed on culture dishes coated with the extracellular matrix; smaller domes were formed on uncoated plastic culture dishes. Sodium butyrate (3 mM) stimulated dome formation. Transmission electron microscopy showed that the epithelial cells had flattened but still retained lamellar inclusions and that the cells were polarized with microvilli on the apical surface facing the culture medium. The electrical properties of the monolayers maintained on collagen-coated Millipore filters were tested in two laboratories. The transepithelial potential differences were 0.7 ± 0.1 mV (24 filters, seven experiments) and 1.3 ± 0.1 mV (13 filters, two experiments) apical side negative, and the corresponding resistances were 217 + 11 ohm.cm2 and 233 ± 12 ohm.cm2. Terbutaline (10 FM) produced a biphasic response with a transient decrease and then a sustained increase in potential difference. Amiloride (0.1 mM) completely abolished the potential difference when it was added to the apical side but not when it was added to the basal side, whereas 1 mM ouabain inhibited the potential difference more effectively from the basal side. Thus, type II cells form a polarized epithelium in culture, and these cells actively transport electrolytes in vitro.
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The alveolar space of adult mammalian lungs is lined by only a thin film of fluid. Although the amount offluid is not known precisely, one estimate is that 20 ml of alveolar fluid is distributed over a surface area ofabout 70 m2 (1) . When lungs are fixed for electron microscopy by vascular perfusion, the only areas that appear to contain fluid are the corners ofthe alveoli, where the radius ofcurvature is short (2) . At the corners, the net force of surface tension, which is a function of the radius ofcurvature and the actual surface tension, is directed to draw fluid into the alveolus (3) (4) (5) (6) (7) . How this force is counterbalanced is not known. Although most investigators have tended to discount the possibility of active transport across alveolar epithelium (7, 8) , recent observations in vivo suggest that there may be active transport of fluid from the airspace into the interstitium (9, 10) .
Cell culture techniques have been used to study transepithelial fluid movement. Epithelial cells that transport fluid form domes or hemicysts in culture (11, 12) . Dome formation is thought to require active transport to create the force to lift the monolayer from the growth surface, tight junctions between epithelial cells, and attachment points to the culture surface to prevent the fluid from flowing underneath the monolayer. Dome formation is a sensitive indicator of active transport but is difficult to study quantitatively (12) . For (18) . After domes had formed, the monolayers were fixed with 1.25% glutaraldehyde in phosphate-buffered saline, stained with a polychrome stain of azure II and methylene blue (19) , and counted under a dissecting microscope. Monolayers were fixed and embedded for electron microscopy as described (20) . In some experiments, the cells were stained with tannic acid prior to dehydration (21) .
Electrical Characterization of the Monolayers. Type II cells were maintained on Millipore filters that were coated with rat tail collagen and then fixed with glutaraldehyde (22) . Because adherence to floating collagen gels is enhanced with porcine serum and dexamethasone (23) (Fig. 2) . Electron micrographs showed that the cells formed a polarized epithelium with microvilli on the apical surface and tightjunctions between the epithelial cells (data not shown) and that cells contained membrane-bound lamellar inclusions that were structurally similar to those of type II cells of intact lung (Figs. 3 and 4) . To show that dome formation was due to electrolyte transport, type II cells were maintained on Millipore filters coated with rat tail collagen and studied in Ussing type chambers. The spontaneous potential difference showed that the apical surface was consistently negative with respect to the basolateral surface. The transepithelial potential differences, measured in two laboratories, were 0.7 ± 0.1 mV (24 filters, seven experiments) and 1.3 ± 0.1 mV (13 filters, two experiments), and the corresponding resistances were 217 ± 11 and 233 ± 12 ohm.cm2. As shown in Fig. 5 , terbutaline, a 3-adrenergic agonist, produced a transient decrease and then a prolonged increase in the potential difference. In the experiment shown, the transepithelial resistance was not changing at the time when terbutaline was added. In a number of other experiments, however, terbutaline was added at a time when the resistance was decreasing. Because of this complicating factor, we determined the effect of terbutaline, not on the potential difference, but on the apparent short-circuit current, where short-circuit current is given by the ratio of open-circuit potential difference to transepithelial resistance. Terbutaline was found to increase short-circuit current by 28%, from 3. (25, 34, 35) and LLC-PK1 renal cells (22) but less than those of mammary cells on floating collagen gels (36) and toad bladder cells (37) . As expected from studies of epithelial cells in vitro, amiloride was most active when it was added to the apical side and ouabain was most active when it was added to the basal side of the monolayer (38, 39) . In almost all epithelial cells, the Na',K+-ATPase is found predominately on the basolateral membrane.
Dome formation had not been described in cultures of type II cells before these experiments were completed. This is presumably because dome formation requires a complete monolayer of nearly pure type II cells, the domes take several days to form, and the domes formed on tissue culture plastic are small. The use of the extracellular matrix increases the size of the domes dramatically. The matrix improves the plating efficiency and cellular spreading and thereby the formation of the monolayer. Corneal extracellular matrices have been used primarily to improve the proliferative response of endothelial cells and smooth muscle cells (16, 17) . Independently, Goodman et aL (40) Recent studies in vivo and theoretical considerations support the concept that the alveolar epithelium actively transports fluid and electrolytes from the alveolar side (apical side) to the interstitium (basal side). In fetal lung at the beginning of labor, there is not only a cessation of secretion but net resorption of the alveolar fluid, and this resorption is stimulated by a-adrenergic agonists (32) . In the fetal lung, the alveolar side is electrically negative and the potential difference across the epithelium is increased with 3-adrenergic agonists (9). Matthay et aL (10) found that protein-rich fluid instilled into the distal lung ofanesthetized sheep was absorbed against a large oncotic pressure gradient. They concluded that either the interstitial pressure was very negative or there was active fluid resorption. In the initial physiologic considerations of pulmonary surfaceactive material, Pattle (4) and Clements (5) noted that surface tension would tend to draw fluid into the alveolus and that this effect was minimized by a low surface tension at the air/liquid interphase. The initial calculations of the force due to surface tension assumed the radius ofan entire alveolus (5) . Guyton and Moffatt (6) showed that its force becomes much greater as the radius decreases and, if one assumes that the radius is as small as 0.5 pum (2) and the surface tension is 10 mN/m, the force is enormous [greater than 300 mm Hg (1 mm Hg = 133 Pa)]. Thus, although the magnitude of this force is not known and will vary with alveolar geometry and surface tension during the respiratory cycle, the force at the corners ofthe alveoli due to surface tension is probably significantly larger than 4 to 5 mm Hg (5, 43) . The increased surface tension in disease states has been proposed as a mechanism for the formation ofpulmonary edema (5, 44) . We propose that active sodium transport by the alveolar epithelium is one of the forces that counterbalance the effect of surface tension. Thus, theoretical considerations, recent physiologic studies in vivo, and our studies with type II cells in primary culture, all suggest that active as well as passive forces are involved in the regulation of alveolar fluid in mammalian lungs.
